T he last decade has seen an explosion in research on climate change and its effects on natural systems. The vast amount of data that has been collated and published in a series of international committee reports has convinced even hard-nosed skeptics that global warming is a reality, and it has provided convincing evidence of adverse climate effects on natural ecosystems.
The response of US policymakers to these reports has been respectful, though significant policy change has not been forthcoming. One of many possible reasons may be the nature of ecological climate-change research. Although there is some degree of uncertainty associated with interpretation of most scientific data, this is especially true of ecological climate studies, which are, by necessity, more correlative than experimental. Unfortunately, policymakers are prone to point to these uncertainties as reasons not to take drastic and costly action to reduce emissions.
A National Academy of Sciences (NAS) committee recently published a review of the government's draft strategic plan on global climate-change research (NRC 2003) . Among several recommendations, the committee proposed that a set of clear, tangible goals be drawn up to address national needs with the "focus on uncertainties that if reduced or clarified would best assist decision makers." The NAS experts clearly consider that lines of communication between research scientists and the business and political leaders whose task it will be to frame and implement future environmental policy could be improved.
Collaborations between climatechange scientists from complementary yet disparate disciplines may not only advance the field but also focus public attention on important research findings. A paper by Camille Parmesan and Gary Yohe (2003) that appeared in Nature early this year, the fruit of such a collaboration, received considerable attention in the news media. The authors presented an analysis of hundreds of data sets that provided convincing evidence of the existence of a global fingerprint of climate-change effects in natural systems. What made this report especially noteworthy was that numerous species, biological measures, and geographic locations were included in the analyses, which tracked climaterelated changes over several decades. Previous studies had tended to focus on the effects of climate on one or a few species in a specific location, often over a short duration.
Yohe, an economics professor at Wesleyan University, and Parmesan, an ecologist at the University of Texas, had been colleagues on the Intergovernmental Panel on Climate Change (IPCC) before deciding to become research collaborators. Economists and biologists might be expected to express different opinions on what constitutes a significant climate-change fingerprint. For example, economists would argue that climate change has a small effect on species distribution, relative to habitat loss caused by human land use, and should therefore not be considered an important factor driving change. Biologists would argue that a prior selection must be made to remove trends that are clearly not related to climate change. In addition, they reason that while climate change may be a driver of small magnitude, its impact on the persistence of species may be considerable if applied consistently over a prolonged period of time. For their analysis, Parmesan and Yohe decided to use data sets compiled in accordance with biologists' criteria, to forgo time discounting, and to employ an economist's approach to determine the proportion of observed changes that appeared to be driven by climate change.
Most of the biologists' criteria concerned two distinct climate-related effects, range boundary changes and timing, or phenologic, shifts. Metaanalyses of 334 species and global analyses of 1570 species revealed highly statistically significant patterns of change consistent with global warming that occurred during the last century. Range boundaries have moved an average of 6.1 kilometers northward or 1 meter upward per decade. In addition to this shift of range boundaries toward cooler climes, 62 percent of the 677 species assessed in a literature survey showed trends toward advancement of spring events such as frog breeding, first flowering, and the arrival of migrant birds and butterflies. Almost 90 percent of the phenologic changes observed were in the direction expected from climate change.
Terry Root and her colleagues at Stanford University presented a letter in the same issue of Nature in which they analyzed 61 published reports on changes in timing of biological events in almost 700 species over the last five decades (Root et al. 2003) . They found that 80 percent of the species exhibited New Climate-Change Data Place Policymakers in the Hot Seat JOHN C. PUGH a marked shift toward earlier spring events. The timing of spring events for temperate zone species was occurring on average 5.1 days earlier during each decade. The authors pointed out that these rather dramatic changes have occurred during a period when the earth warmed by only 0.6 ˚C (McCarthy et al. 2001) . The IPCC has predicted that temperature increases could be greater by a factor of 10 in the next century.
The climate-induced changes described above may have deleterious repercussions. If global warming accelerates as predicted (McCarthy et al. 2001) , it is possible that species will not be able to adapt rapidly enough to ensure their survival. New habitat may be out of range or inaccessible for other reasons, such as the existence of physical barriers created by human land use. Species that have developed unique symbiotic relationships may become disconnected if climate change exerts differential effects. Precisely such a disconnect has recently been described for Europe's winter moth, Operophtera brumata, and the oak tree, Quercus robur, on which its caterpillars feed (Perkins 2003) . Thirty years ago, the hatching of the caterpillars and the budding of the oak were in synchrony. Now, because of recent warm springs, the caterpillar is hatching 2 to 3 weeks before the buds open. The consequences could be dire for the caterpillars because they cannot survive much more than 7 to 10 days without food. Predator-prey relationships can also be affected. The fledglings of the European great tit, Parus major, feed on the winter moth caterpillars. The fledglings are hatching on schedule and finding that their food supply is unavailable. Marcel Visser, who led the study on P. major in the Netherlands, has seen some signs of adaptation by the great tits. In Britain, the birds lay eggs earlier to keep in step with their food supply (Perkins 2003 , Visser et al. 2003 .
Climate-change studies such as those described here have drawn mixed reactions from the community of ecological scientists. Some are concerned about imminent mass extinctions and believe that policymakers should act immediately to reduce greenhouse emissions. Others express confidence in the resilience and adaptability of natural ecosystems and argue that more data are needed to link industrial contamination to global warming. What seems certain is that the growing number of reports appearing in the literature will add to the expanding list of potentially serious effects of climate change on natural ecosystems. How much information is enough? On a topic as complex and controversial as climate change, it could easily be argued that there will always be a need for more data. The NAS advisory panel's prescient understanding of this dilemma prompted them to urge the US government to identify and prioritize a list of climatechange problems that, when answered, will provide them with the information they need to shape an effective environmental policy.
